Abstract In addition to its role as a toxicological signal mediator, the Aryl Hydrocarbon Receptor (AHR) is also a transcription factor known to regulate cellular responses to oxidative stress and inflammation through transcriptional regulation of molecules involved in the signaling of nucear factor-erythroid 2-related factor-2 (Nrf2), p53 (TRP53), retinoblastoma (RB1), and NFκB. Recent research suggests that AHR activation of these signaling pathways may provide the molecular basis for understanding AHR's evolving role in endogenous developmental functions during hematopoietic stem-cell maintenance and differentiation. Recent developments into the hematopoietic roles for AHR are reviewed, aiming to reconcile divergent findings as to the endogenous function of AHR in hematopoiesis. Potential mechanistic explanations for AHR's involvement in hematopoietic differentiation are discussed, focusing on its known role as a cell cycle mediator and its interactions with Hypoxia-inducible transcription factor-1 alpha (HIF1-α). Understanding the physiological mechanisms of AHR activation and signaling have far reaching implications ranging from explaining the action of various toxicological agents to providing novel ways to expand stem cell populations ex vivo for use in transplant therapies.
Introduction
The aryl hydrocarbon receptor (AHR) belongs to the basic helix-loop-helix (bHLH)/PAS (Per/Arnt/Sim) family of transcription factors. Like all bHLH/PAS family members, AHR contains several important structural elements (Fig. 1a) including an N-terminal basic helix-loop-helix (bHLH) domain, a C-terminal transcriptional activation domain, and a central PAS domain containing two degenerate repeats (PAS-A and PAS-B) that mediate DNA binding and are involved in protein-protein interactions. The PAS domains of AHR mediate chaperone interactions, ligand binding, and the formation of heterodimers between AHR and other PAS-domain containing proteins [1] . A glutamine-rich transcriptional activation domain (TAD) in the C terminus of AHR plays a role in co-activator recruitment and transactivation [2] . Other important members of the bHLH/PAS-transcription factor family include BMAL-Clock, Per, c-MYC, Tal1, and HIF-1α and are involved in normal physiological functions including circadian-rhythm maintenance, organ development, neurogenesis, and responses to hypoxia. This formed the basis for a question that has since become core to AHR biology: does AHR have similar physiologic functions?
AHR is well known for mediating transcriptional signals originating from environmental toxins such as 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin), polycyclic aromatic hydrocarbons (PAHs), benzene, and polychlorinated biphenyls (PCBs). As such, AHR activation has been best studied in the context of xenobiotic signaling (Fig. 1b) . In its basal or resting state, AHR remains predominantly cytoplasmic as part of a protein complex with the molecular chaperone heat shock protein 90 (HSP90), p23, and XAP2 (aka ARA9 or AIP) [3] . Various cellular stresses activate AHR and lead to a conformational change that results in the exposure of the nuclear localization sequence (NLS) and AHR nuclear translocation. AHR then dissociates from HSP90 and binds to the AHR nuclear translocator ARNT/ Hif1-β [4] . The AHR/ARNT heterodimer then binds to promoter regions of target genes that contain the AHR DNA binding consensus sequence 5′-T/GNGCGTGA/CG/ CA-3′, with the core sequence underlined [5] . AHR also contains a nuclear export sequence (NES), which plays a role limiting the amount of AHR present within the nucleus by shuttling AHR from the nucleus to the cytosol, where it is degraded by the proteasome-ubiquitin system [6] . Perhaps due to its physiological importance, AHR signaling is finetuned with another layer of regulation by direct competition with the AHR Repressor protein (AHRR) for ARNT DNA binding sites [7] . AHRR expression is induced by a variety of AHR agonists [8] , suggesting that AHRR forms a negative feedback loop with AHR by repressing AHR signaling if AHR becomes too abundant.
Recent studies have focused on emerging roles of AHR in normophysiology and in particular its role or roles as an important regulator of hematopoiesis, which is the focus of this review. These emerging functional roles relate to how AHR senses various stress signals both in the largely hypoxic environment of the hematopoietic stem-cell compartment, and during the differentiation and development of hematopoietic progenitor and mature cells. We first review briefly the control of hematopoietic development, and then the established role of AHR as a mediator of toxicological signals, aiming to set the foundation for discussing AHR's emerging role in normophysiology and in particular hematopoiesis.
The Maintenance and Differentiation of Hematopoietic Stem Cells
As shown in Fig. 2 , all hematopoietic lineages originate from a small population of multipotent common hematopoietic Fig. 1 a AHR contains important structural motifs that are critical to its function including the basic helix-loop helix-domain (bHLH) that contains both a nuclear localization sequence (NLS) and nuclear export sequence (NES). AHR also contains two PER-ARNT-SIM homolology (PAS) regions and a c-terminal transcriptional activation domain (TAD). b Activation by either toxicological or endogenous ligands results in the dissociation of several cofactors and allows for the binding of AHR to ARNT, creating an active AHR-ARNT heterodimer. AHR-ARNT heterodimers then translocate to the nucleus, where they bind target gene promoters and initiate gene transcription. AHR 0 Aryl hydrocarbon receptor, ARNT 0 aryl hydrocarbon receptor nuclear translocator, AIP 0 aryl hydrocarbon receptor interacting protein, HSP90 0 shock protein 90, AHRR 0 AHR Repressor protein stem cells (HSC). Due to its nature as a stem cell, a single HSC can repopulate the entire hematopoietic system of a lethally irradiated mouse [9] . As blood cells mature, they acquire a defined phenotype as the result of coordinated cell-specific gene expression [10] . Through a complex regulatory system, stage-specific cytokines and cell-cell interactions result in specific gene-expression patterns that identify each developmental stage and lineage in hematopoiesis. Transcription factors mediate differentiation signals elicited by hematopoietic growth factors, interleukins, environmental cues, and hormones to "direct" an HSC toward various lineages and maturation states. Alterations in these carefully orchestrated signals may result in multiple blood abnormalities, including changes in blood populations (e.g., decreased white blood counts or increased platelet levels), abnormal proliferation of progenitor cells (e.g., myelodysplastic syndromes), and can lead to various forms of leukemia [11] . Hematopoietic regulation results from the combined influence of multiple transcription factors working in concert to coordinate and regulate temporal and lineage specific gene transcription. GATA2, for example, is essential for the development, maintenance, and function of HSCs, early progenitor cells, and is important for erythroid differentiation [12] , while the closely related GATA1 is involved in the maturation of megakaryocytic cells [13] .
HSCs reside in regions of low oxygen tension (described in more detail below) and the hypoxia-inducible factor-1 alpha (HIF-1α) is critical for the ability of HSCs to respond to variations in oxygen tension within the bone marrow microenvironment [14] . Anatomical features within bone marrow lead to oxygen and nutrient gradients and establish various niches that cells must adapt to in order to survive and thrive. Bone marrow organization is architecturally complex, and many of its structural features directly or indirectly influence where cells localize and how cells migrate [15] . As shown in Fig. 3 , the most primitive hematopoietic stem and progenitor cells reside in the endosteum, hypoxic extravascular (frequently referred to as perivascular) regions furthest away from the sinuses that favor HSC quiescence [16] [17] [18] . To cope with the low oxygen conditions, HSCs within the endosteum constitutively express HIF-1α, a transcription factor responsible for cellular adaptation in response to reduced oxygen conditions [14] . Simsek et al. [19] recently determined that constitutive HIF-1α expression in HSCs within the endosteal niche regulates the metabolic state of HSCs resulting in quiescence and protection from oxidative stress. Regulation of HIF-1α expression in HSCs is critical for normal stem-cell maintenance, as HSCs isolated from HIF-1α deficient mice lose the ability to remain quiescent, while over-stabilization of HIF-1α by a biallelic loss of the E3 ubiquitin ligase Von Hippel-Lindau (VHL) induces HSC quiescent [20] . As HSCs mature, they reside in regions of greater oxygenation that are favorable to differentiation. This paradigm is thought to occur for every blood cell lineage; sites of megakaryocytic, erythroblastic, and granulocytic differentiation (occurring in erythroblastic islets, bone marrow, and G-loci, respectively) are shown in Fig. 3 . Exposure to AHR toxicological ligands is known to induce liver, eye and ovarian toxicity and results in mutagenesis, birth defects, and multiple forms of cancer [21] . While AHR signaling has been implicated as the mechanism for numerous toxicological agents, we will focus on the two best-studied AHR ligands -TCDD and Benzo[a]pyrene (BAP). Because the AHR signaling cascade mediates most, if not all, of the toxic effects of TCDD, AHR is also called the dioxin receptor. Single doses of TCDD alter both T-and B-cell dependent immune responses, impair host resistance to a variety of infectious agents and antigens, and prevent the rejection of transplanted tumors [22] . Although AHR activation decreases the overall proteasome activity of cells, increased AHR signaling results in increased ube213 mRNA and protein expression, leading to increased p53 ubiquitination/degradation and increased apoptosis [23] . A known carcinogen, BAP is commonly found in coal tar and cigarette smoke and causes genetic damage in lung cells that was identical to the damage observed in the DNA of most malignant lung tumors [24] . BAP toxicity results from the cytochrome P450 detoxifying complex converting BAP to the ultimate mutagen, benzo[a]pyrene diol epoxide (BPDE). The resulting diol epoxide reacts and binds to DNA, resulting in mutations, especially on the tumor suppressor p53 [25] . Interestingly, habitual smokers have a greater tendency toward platelet aggregation than non-habitual smokers, suggesting that a component of cigarette smoke such as BAP may also impact platelet function [26] .
AHR Responds to Toxicological Stress by Regulating Cell-Cycle Genes and Proliferation
In addition to activating genes involved in xenobiotic metabolism, such as members of the cytochrome P450 superfamily [27] , exposure to environmental toxins resulted in numerous AHR-dependent effects, including altered cell-cycle regulation and proliferation. In 5L hepatoma cells, dioxin induced G1 cell-cycle arrest through a mechanism that involves the AHR binding to the retinoblastoma (Rb) tumor suppressor protein [28] . However, polycyclic aromatic hydrocarbon (PAH) insults increased the percentage of rat liver epithelial cells entering Sphase and were associated with increased cyclin A expression and cyclin A/Cdk2 activity in an AHR-dependent manner [29] . These opposing results may indicate differential responses to various AHR ligands or suggest that the effects of these ligands, and potentially the impact of AHR, is cell-type specific. AHR knockdown in HepG2 human hepatoma cells blocks the G 1 /S cell-cycle transition by downregulating cyclin D1 and cyclin E [30] . However, this study also showed that AHR knockdown in MCF-7 human breast tumor cells promoted the G 1 /S cell-cycle transition, suggesting that the impact of knocking down AHR by siRNA is cell-context dependent. Both of these interpretations warrant further investigations into the mechanisms of AHR signaling.
AHR Serves as an Important Physiological Mediator of Multiple Forms of Cellular Stress
While best known for modulating toxicological responses, AHR performs many other functions in cells and can be best described as a general mediator of environmental stresses, especially in terms of mitigating damage from reactive Fig. 3 Starting in the hypoxic endosteum and ending in the bloodstream, differentiating hematopoietic cells must adapt to variations in pO 2 and pH as they differentiate. One proposed mechanism by which hematopoietic cells can adapt to these changes is through stabilization of Hif-1α. G-locus 0 granulocytic locus oxygen species (ROS), changes in oxygen levels, and inflammation. In regulating the responses to these stresses, AHR is critical to normal cellular function and affects many important processes in cell proliferation and differentiation. AHR's role as a mediator of cellular stresses can be partially explained by its interactions with HSP90, a molecular chaperone known to regulate protein function in order to allow cells to adjust to intra-and extracellular stresses [31] . Exposure to many AHR-activating environmental pollutants results in the release of AHR from HSP90 and leads to oxidative stress and production of toxic ROS that damages membrane lipids, mutates DNA, and serves as a significant stress for exposed cells [32] . Toxicity from benzene, known to activate AHR signaling, is partially due to the formation of reactive intermediates that lead to increased formation of reactive oxygen species (ROS) [33] . Similarly, dioxin exposure results in generalized in vivo oxidative stress in multiple tissues and results in increased production of superoxide anions by peritoneal macrophages [34] . Exposure of mice to dioxin also results in sustained oxidative stress and oxidative, which persist for over 8 weeks despite no further dioxin exposure [35] .
Genes regulated upon AHR activation also provide strong evidence for a role for AHR during cellular responses to various stresses. Genes involved in inflammatory responses such as NFκB and antioxidative responses to oxidative stress and cell survival including Nrf2 (NF-E2 p45-related factor 2) are particularly important, and will described in more detail. Dioxin exposure results in immunotoxicity and induction of inflammatory genes through its interactions with RelB and subsequent modulation of NFκB signaling during chemokine induction of U937 macrophages in response to dioxin exposure [36] . AHR also appears to help cells cope with ultraviolet radiation. Exposure of the immortalized HaCaT keratinocyte cell line or dorsal skin of AHR KO mice to ultraviolet radiation results in an AHR-mediated inflammatory response, induction of cyclooxygenase-2 (COX-2), and altered cell cycling [37] . Further demonstrating how signaling cascades normally associated with responses to cellular stress can influence differentiation, chromatin immunoprecipitation studies demonstrated that Nrf2 regulated AHR expression during adipocyte differentiation, and that interfering with either of signaling cascades resulted in impaired differentiation [38] . In vivo experiments further demonstrated that Nrf2 protects livers of mice against TCDD-mediated oxidative stress and DNA damage induced by sustained activation of AHR [39] .
Increasing Evidence of a Non-toxicological Role for AHR
Decades of research focused on the role of AHR in response to toxicological ligands, but a shift has recently occurred as many have begun to question if this functional role is too narrow for a ubiquitous transcription factor such as AHR. Here we present the evidence that supports an important role of AHR in normophysiology. It is important to note that cell-cycle regulation by AHR is not dependent on toxicological ligands, and that cellular context may be the most important aspect of uncovering a physiologic function for AHR. Ma et al. have shown that AHR-defective mouse hepatoma (Hepa 1c1c7) cells proliferate more slowly than wild type cells due to a block during G 1 phase of the cell cycle, and that transfection with AHR cDNA reverses the G 1 block [40] . Compared with wild-type mouse embryonic fibroblasts (MEFs), AHR-null MEFs exhibited a lower proliferation rate with an accumulation of 4 N DNA content and increased apoptosis due to down-regulation of Cdc2 and Plk, two kinases important for G(2)/M phase of cell-cycle [41] . Because expression of transforming growth factor-beta (TGF-beta), a proliferation inhibitor, was present at high levels in conditioned medium from AHR-null MEFs, the authors concluded that AHR influences TGF-beta production, leading to alterations in cell-cycle control at the G(2)/ M phase of cell cycle. While these findings agree with a role for AHR in cell cycle progression, they are in stark contrast to published reports showing that AHR inhibition leads to increased proliferation/expansion of hematopoietic stem and progenitor cells [42] . Other hematopoietic studies found that the AHR promoter is hypermethylated in human acute lymphoblastic leukemia [43] , suggesting that AHR deactivation contributes to the increased proliferation and decreased differentiation state that characterizes acute lymphoblastic leukemia.
Action Without Xenobiotic Binding: AHR is Involved in Neuronal Development AHR homologs are conserved throughout nature in species as diverse as mammals, birds, reptiles, amphibians, fish, and invertebrates [44] . Because most AHR homologs appear to influence developmental pathways, detoxification of xenobiotics by AHR may have developed recently in evolution and may mask earlier AHR functions as a regulator of developmental processes. Suggesting that that the original function of AHR was not to mediate detoxification of xenobiotics, many of these species including Caenorhabditis elegans do not bind xenobiotics [45] . The Drosophila melanogaster AHR ortholog, spineless, is a bHLH-PAS transcription factor that plays a central role in development. Loss-of-function spineless mutations result in multiple developmental defects including legs forming where antennas are normally found, deletion of distal leg structures, and reduced bristle size [46] . Like AHR, spineless functions as a heterodimer with the Drosophila ortholog of ARNT, Tango. Spineless also plays an important role in the development of specialized neurons involved in color vision [47] . Importantly, although Spineless-Tango heterodimers have very similar binding specificities to AHR-ARNT heterodimers found in mammals, the interaction of spineless with Tango does not require the presence of xenobiotic ligands [48] , and as such represents an instance where AHR physiological function is independent of toxicological ligand binding and/or signal progression. Similarly, the C. elegans AHR ortholog, CeAHR, regulates neural development, possibly due to aberrant axonal migration [49] . Together, these findings provide a physiological role for AHR during normal development and open the possibility that AHR may influence additional developmental programs.
Multiple Developmental Defects in AHR-Null Mice Result in the Identification of Endogenous AHR Ligands
In an effort to understand the physiological function of AHR, several labs independently generated AHR-null mice using somewhat different targeting strategies [50] [51] [52] . Although the different strategies used to generate knockout mice led to phenotypic differences, these strains collectively suggest that AHR has physiological roles independent of xenobiotic metabolism, especially in hepatic development, reproductive health, immunology, and vascular biology. For example, AHR knockout mice have smaller livers, portal fibrosis, and early lipid accumulation [50] . AHR also plays a role in reproductive development, as AHR-null mice have difficulty maintaining pregnancy due to aberrant ovarian follicle formation [53] . One of the most consistent phenotypes found in AHR-null murine models was an impaired immune system. AHR-null mice consistently show evidence of immunological defects, and these mice are more susceptible to Helicobacter hepaticus infections, an opportunistic infection indicating immunodeficiency [54] . Vascular defects present in AHR-null mice include portosystemic shrinking and persistent fetal structures, including the ductus venosus, a fetal portocaval shunt of the developing liver that normally closes immediately after birth. AHR-null mice fail to close this shunt, resulting in aberrant hepatovascular blood flow [55] . Experiments using mutant AHR and ARNT hypomorphs suggest that some phenotypes seen in AHR-null mice, such as ductus venosus closure and vascular development, can be rescued by treatment with AHR xenobiotic ligands [56, 57] , but caution must be exercised before one assumes that toxicological ligands will mimic or even help identify normal physiologic AHR functions.
These findings stress the importance of AHR activation as part of normal biology, and contribute to recent enthusiasm in finding endogenous (non-toxicological) AHR ligands. Early support for the presence of endogenous AHR ligands came when mouse hepatoma c37 cells and African green monkey kidney CV-1 cells not previously exposed to exogenous AHR ligands were found to already contain transcriptionaly active AHR-ARNT complexes [58] , suggesting that some unknown endogenous factor was activating AHR. These findings attracted the attention of many labs and soon many potential endogenous AHR ligands were discovered, including tryptophan metabolites, indole containing structures, tetrapyroles such as bilirubin and biliverdin, 7-ketocholesterol, equilenin, a form of equine estrogen, several prostaglandins, the arachidonic-acid metabolite lipoxin A4, and cAMP [59] . A more complete list of potential AHR endogenous ligands and a discussion of their biological relevance has been recently reviewed [60] . Key toxicological and endogenous ligands (shown in Fig. 4 ) impact a broad range of non-toxicological cellular responses including differentiation, apoptosis, and cell cycle progression.
A Role for AHR in Hematopoietic Development

AHR Impacts Hematopoietic Stem Cell Expansion and May
Influence Stem Cell Pluripotency AHR-null mice are fully protected from TCDD-associated and partially protected from benzene-associated hematopoietic defects such as myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) [61] , indicating that AHR regulates the physiological responses to these toxic ligands. Murine hematopoietic stem cells treated with TCDD are not able to engraft in lethally irradiated mice [22] . The effects of TCDD on hematopoietic stem cell engraftment could be explained based upon the finding that TCDD disrupts the normal cell cycle of hematopoietic stem cells, resulting in fewer quiescent cells [62] . The quiescent state is now accepted as a characteristic and indispensable property for the maintenance of HSCs and other primitive stem cells and is known to play an important role in HSC engraftment after bone marrow transplants [63] . Using AHR-null mice to distinguish off target TCDD effects from any impacts AHR might have, it was shown that AHR-null mice have increased numbers of the most primitive Lin -Sca + Kit + (LSK) [64] and that AHR expression initially decreases at the earliest point of hematopoietic stem cell proliferation [65] . Interestingly, LSK cells from AHR-null mice proliferate much faster than cells from WT mice [66] , suggesting that a lack of AHR leads to hematopoietic stem cell expansion.
In agreement with the hypothesis that reduced AHR signaling results in increased hematopoietic stem-and progenitor-cell proliferation, AHR pharmacologic inhibition results in massive HSC expansion, resulting in increased progenitor populations across multiple hematopoietic lineages [42] . The molecular mechanism by which AHR regulates HSC biology may involve Oct-4 (octamer-binding transcription factor 4). In vitro models show that AHR regulates Oct-4 in the murine embryonic carcinoma cell line P19 [67] , and AHR activation promotes myeloblastic leukemia differentiation by inhibiting Oct-4 expression [68] . A critical transcription factor needed for the creation of iPS cells [69] , Oct-4 is a member of the POU (Pit-Oct-Unc) family of homeodomain transcription factors and is a key regulator of stem cell pluripotency and differentiation [70] . Collectively, these data suggest that AHR may regulate hematopoietic and embryonic stem cell pluripotency, and that AHR is involved in developmental "decisions" leading to mature cell types (Fig. 5a) . Clearly, more research is needed to validate these intriguing hypotheses.
Exposure to Toxicological Ligands Suggest that AHR Plays a Role During Normal Myeloid Differentiation and Platelet Biogenesis
Highlighting a role for AHR in myeloid biology and development, AHR is upregulated in the absence of exogenous, toxic ligands during monocyte differentiation and activation [71, 72] , yet AHR activation appears to inhibit the development of monocytes into functioning macrophages [73] . AHR ligands also functionally impact macrophages: macrophages exposed to cigarette smoke condensates are functionally impaired and exhibit impaired phagocytosis, TPAinduced H 2 O 2 production, class II major histocompatibility complex expression, and nitric oxide synthesis [74] . Similarly, macrophage exposure to another AHR toxicological agonist, benzo(a)pyrene, resulted in an impaired macrophage antigen presentation to T cells [75] . Epidemiological studies suggest that exposure to toxicological AHR ligands such as dioxin may also influence megakaryocytic and/or platelet differentiation. In the early 1980's, it was found that residents exposed to toxic waste containing TCDD, a known AHR ligand, had significantly higher mean platelet counts than residents that were not exposed [76] . Similar studies examining Vietnam veterans who participated in Operation Ranch Hand found that those exposed to the highest levels of TCDD (found in Agent Orange) had increased platelet counts proportional to the dose they had received [77] . The AHR signaling pathway also transcriptionaly regulates many important regulators of megakaryopoiesis, including Nrf2, a key activator of stress-responsive genes recently shown to compete with NF-E2 during megakaryocytic differentiation [78, 79] . AHR also regulates survivin stability, a gene that is downregulated as an MEP differentiates toward the megakaryocytic, as opposed to erythrocytic, lineage [80] . Treating rats with TCDD results in decreased platelet counts, although whether or not TCDD impacts megakaryocytic differentiation and development was less clear [81] . In one set of experiments, dioxin treatment reduced platelet counts in rats without affecting megakaryocytic numbers or Fig. 4 A cartoon representation shows several key ligands known to activate AHR, as well as the molecular mechanisms by which AHR activation impacts various cellular processes morphology [82] , while further morphological examination of bone marrow smears suggested that megakaryocytes from TCDD-treated rats were reduced in number and degrading [83] . In humans, perinatal exposure to dioxin results in decreased platelet counts inversely proportional to the amount of dioxin exposure [84] . These contradictory findings suggest either that the effects of toxicological AHR ligands are context and developmental stage dependent, or that there is unknown cross talk between AHR and other signaling pathways. They also highlight the artificial nature of toxicological ligands, and may point to the need to identify endogenous ligands before the physiological role of AHR can be determined.
AHR-Mediated Hes1 Expression May Transcriptionaly Regulate Cell Cycle Genes Involved in Megakaryocytic Polyploidization
As part of an investigation of novel regulators of megakaryocytic differentiation, AHR-null mice were found to have ca. 25 % fewer high ploidy (≥32n) megakaryocytes than WT mice, but more megakaryocytes in the lower ploidy classes of 8n and 16n [85] . There are several possible mechanistic explanations for the decreased megakaryocytic polyploidization seen in these cells (Fig. 5b) . The first is that reduced AHR expression in CHRF cells led to decreased cyclin D1 and cyclin E, similar to what was seen when AHR was knocked down in HepG2 cells [30] . Another possibility is that AHR could regulate the aryl hydrocarbon receptor-interacting protein (AIP), which directly associates with and stabilizes survivin [86] , could mediate survivin involvement in megakaryocytic polyploidization [87, 88] . AHR may also regulate p21 [89] , a cell cycle regulatory gene that has been implicated in megakaryocytic endomitosis [90, 91] . Another possibility involves Hes1, a hematopoietic transcription factor and AHR transcriptional target that is preferentially upregulated during megakaryocytic differentiation of primary CD34 + cells isolated from G-CSF mobilized peripheral blood [85] . During megakaryocytic differentiation of the megakaryoblastic CHRF cell line AHR mRNA and protein levels increase, AHR translocates from the cytoplasm to the nucleus, and AHR DNA binding to a putative binding site within the promoter of Hes1 increased. Using RNAi-based approaches to knock down Hes1 in CHRF cells (a human megakaryoblastic leukemia cell line) resulted in ploidy distributions that were shifted towards lower ploidy classes and were incapable of reaching higher ploidy classes (i.e., ≥32n), similar to the effects of knocking down AHR [85] . In addition to providing further evidence of a physiologic role for AHR during megakaryocytic differentiation, these findings demonstrate that Hes1 is downstream of AHR signaling during this process. Hes1 is a known cell cycle regulator [92, 93] , and is expressed higher in erythroid-megakaryocytic progenitor cells than common myeloid progenitors or granulocyte-macrophage progenitor cells [94] . Hes1 is also a critical effector of the Notch signaling cascade [95] , a signaling pathway believed to regulate the initial endomitotic switch in Drosophila follicle cells by altering cell cycle regulation [96] . Suggesting a model where Hes1 inhibits cyclin gene activity to impact cell cycle progression and megakaryocytic polyploidization, the ploidy defect exhibited in Hes1-knockdown CHRF cells is remarkably similar to the impact of knocking down cyclin E and cyclin D3, two genes known to influence megakaryocytic polyploidization [97, 98] . Together, these data suggest that AHR-mediated regulation of Hes1 expression and transcriptional activity may influence the degree of polyploidization in differentiating megakaryocytes.
The AHR Signaling Pathway is Necessary for Normal Immune Function
Accumulating evidence also suggests that AHR signaling is important for mammalian immune system function (Fig. 5c) . One of the first identifiable phenotypes found in AHR-null murine models was an impaired immune system. AHR-null mice have altered lymphocyte numbers and naïve T cells isolated from AHR-null mice are not as efficient in generating regulatory T cells (Tregs) in vitro as WT mice [99] . AHR-activation by various toxicological ligands leads to autoimmune and allergic defects and limits the immune response in infectious disease. AHR signaling appears to suppress autoimmunity via induction of Tregs in response to TCDD [100] . As reviewed in [101] , TCDD affects immunocompetence, often at doses that do not produce obvious signs of toxicity. AHR may also impact functional immunity, as TCDD exposure results in increased inflammation and inhibits the CD8+ T-cell response to influenza infection in mice [102, 103] . In addition, AHR signaling appears to be important to Treg function, as TCDD exposure generated Tregs and prevented graft-versus-host disease [104] . AHR activation is also required for primary immunoglobulin-M (IgM) secretion of activated B cells against T cell-dependent and T cell-independent antigens under both in vivo and in vitro conditions [105] .
A Proposed Model of AHR Function as a Mediator of Cellular Stress During Hematological Development
HSCs generally reside in acidic, hypoxic regions of the endosteum and AHR may protect hematopoietic cells from the increasing oxygen levels blood cells face as they differentiate [106, 107] . Experimental evidence supports a model by which AHR aids HSCs in coping with the multitude of stresses they face as they differentiate toward the various blood cell lineages. As HSCs emerge from their quiescent state to undergo differentiation, they must adapt to large variations in metabolic activity, undergo dramatic morphological changes (e.g., polyploidization during megakaryocytic differentiation), and respond to (or protect themselves from) changing microenvironmental cues. The latter include changes in oxygen levels and ROS concentrations [16, 17, 106, 108, 109] , pH [110] [111] [112] [113] and exposure to mechanical forces as they cross endothelial lining of small blood vessels and shear forces when they enter the bloodstream [114] [115] [116] .
Oxygen availability is a particularly critical component of the endosteal niche where HSCs reside and serves as an important hematopoietic regulator; as HSCs differentiate toward the various hematopoietic lineages, they prefer regions (and are localized within areas of) greater oxygenation [17, 106] . The AHR and Hif1-α signaling pathways directly compete for the molecular chaperone Hif1-β [117] , so one explanation for the increased proliferation of HSCs when AHR expression is diminished or is absent is that reduced AHR tips the transcriptional balance toward a hypoxic response mediated by Hif1-α. Because Hif1-α is naturally degraded in response to higher oxygen tension [118] , one might expect that an external stimulus that induces cellular migration toward levels of higher would result in less Hif1-α bound to its nuclear chaperone, Hif1-β/ARNT. In this model, as more Hif1-α is degraded in response to the physiological oxygen gradient present in the bone marrow, unbound Hif1-β/ARNT accumulates and is accessible for binding with AHR, allowing for AHR signaling and differentiation toward the various blood lineages.
